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Abstract 
Power consumption costs is a significant component in mobile network operators OPEX and recent research is focusing on 
energy efficient design and operation of the radio access network to decrease the economic and environmental 
consequences of operating such a vast number of Radio Base Stations (RBSs). In this work, we formulate the problem of 
power consumption in mobile networks as an ILP and propose a heuristic to determine the optimal, with respect to power 
consumption, subset of available RBS that should be active in order to serve a certain load of UEs, without violating QoS 
requirements for each user served. We exploit the results of this formulation setup and propose RBS activation schemes for 
network operation with acceptable levels of outage probability for the users. The results indicate that our RBS activation 
scheme which takes into account RBS coverage overlap achieves significant energy savings compared to ordinary network 
operation. 
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1. Introduction  
Climate changes and environmental protection are two of the most critical challenges humanity is facing. In 
this context, mobile telecommunications industry is considering ways to decrease the environmental 
consequences as well as the costs of operating a huge number of RBSs [1]. Traditional cellular network 
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planning and operation are driven by the idea that any user request should be served at any time and any place. 
Thus, current cellular networks are mainly designed for busy hour load and are continuously operational with 
always on transmitting power, in order to guarantee both area coverage and QoS to mobile customers. 
However, high traffic load variation, especially during off-peak hours, renders many RBS underutilized for 
more than half of the year, thus wasting large portions of energy without carrying significant workload [2]. In 
addition to that, almost 60% of the cellular energy is spent by the RBS operation with overall energy efficiency 
of 3.1% [3]. Thus, the effective usage and reduction of the active RBS can reduce in a great aspect, system’s 
carbon footprint and unnecessary spent energy, especially in operating scenarios with low traffic demands. 
 
Towards this goal, different works have proposed interesting energy profitable techniques in wireless 
networks. Deployment strategies, such as micro of RBS usage along cellular networks [4], or optimizations 
techniques [5] have significant improvements in power consumption, while optimal RBS location deployment 
with uniform [6] or non-uniform [7] user distribution can effectively reduce total spent energy, over 96% in 
specific traffic scenarios. In addition, sleep mode techniques, such as static or dynamic activation/deactivation 
of RBS according to traffic load [8], latency and capacity variations [9], and optimal control of wake up 
mechanisms [10], can yield great energy savings. Finally, novel RBS management schemes that consider 
network planning are considered in [11], while joint optimization of planning and management is proposed in 
[12]. 
 
In this work, we introduce energy efficient RBSs activation schemes to serve a given user traffic load while 
ensuring QoS constraints. Given a set of possible RBSs and user requests, we first formulate the problem of 
finding the most appropriate, with respect to power consumption, subset of RBSs that can satisfy the 
corresponding load without compromising the QoS requested. The formulation falls in the category of 
Capacitated Facility Location Problems, bounded by Single Sourcing constraint [13] and we propose a 
polynomial heuristic that is capable of providing useful results on the usage and RBS activation percentages 
for varying traffic loads. We exploit these findings to propose two RBS activation heuristic schemes, which 
can be applied in the deployed network topology to serve the corresponding traffic load level within an 
acceptable outage probability threshold. We tested our algorithms in a great variety of traffic loads and 
simulation results reveal that our heuristics yield quite satisfactory energy savings, up to 55% for low traffic 
demands, compared to ordinary fully operational network operation. 
 
The remainder of this paper is organized as follows. In Section 2, we present our system model and problem 
formulation. In Section 3, we propose an energy efficient heuristic algorithm for selecting the most appropriate 
RBSs subset. In Section 4, we propose two RBSs activation schemes, results are shown in Section 5 and the 
paper is concluded in Section 6. 
 
2. System model and problem formulation  
In this paper we consider Wideband CDMA Radio Access Technology (RAT), although the problem at 
hand is general and can be studied under various RATs like Long Term Evolution (LTE) or High Speed Packet 
Access (HSPA) with system model adaptations. We focus on the study of the forward channel, thus downlink 
transmissions within each RBS are orthogonal and communication is assumed as power and interference 
limited. In our model we take into account that due to multipath propagation the downlink signals are not 
perfectly orthogonal, and the SIR perceived by user i, when served by base station s, with bit rate Ri, can be 
expressed as [14]: 
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where Gi=W/Ri is the processing gain equal to the spreading factor SFi of the assigned OVSF code, W is the 
chip rate, α is the orthogonality factor (0≤α≤1), (int)sRBS  is the set of the interfering base stations neighboring 
to s, ( )rPki  is the power received at user i from base station k, ψi is the fraction of the total transmitted power 
from the serving base station intended for user i, and PN is the thermal noise power.  
 
We assume a wireless network where a set of J identical macrocellular Radio Base Stations (RBSs) lies in a 
two dimensional area and consider a scenario, where possible RBS locations are predefined at fixed grid 
network geographical positions and I User Equipments (UEs) are randomly and uniformly distributed inside 
this area. UEs request the same type of service, whose QoS is predetermined by the minimum required SIRmin. 
 
Our ultimate goal is to determine the optimal, with respect to power consumption, subset of those RBS 
locations whose corresponding RBSs will be active in order to serve a certain load of I UEs randomly 
dispersed in this area, without violating QoS requirements for each user served, and with acceptable levels of 
outage probability. We proceed with our problem formulation in two discrete steps: 
 
(a) first we iteratively formulate and solve a very large number of instances of the Random Load Optimal BS 
Subset (RLOS) problem. In each RLOS we generate a random traffic load snapshot consisting of I 
randomly placed UEs in the geographical area and determine the optimal BS subset that can serve all UEs 
with minimum power consumption and requested QoS. 
(b) we then collect the data of the optimal BSs subsets and attempt to determine the most proper BS subset 
which can serve any random set of I UEs under a certain outage probability. 
2.1. Random Load Optimal BS Subset Problem Formulation 
Every BS j is associated with a fixed power cost ( )fPj which encompasses the power consumption 
generated by the power required by its power amplifier and supporting systems. Besides that power cost, the 
downlink communication transmission from a serving RBS j to a UE i incurs an additional variable power cost 
( )tPji
, due to the extra energy consumed by the power amplifier for that transmission. The relation between the 
power transmission cost ( )tPji  from BS j to UE i and the total received power 
( )rPji
 received at UE i from BS j 
depends on the pathloss PL ji , which in our case incorporates both Line-Of-Sight and Non-LOS propagation 
conditions i.e.: 
( ) ( )r tP P PLji j ji= −
  (2) 
Therefore the RBS selection problem can be formulated as an optimization problem as follows: 
{ }( ) ( )min 1 1 1J I Jf tP y P xi ijj jij i j∑ ∑ ∑⋅ + ⋅= = =   (3) 
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where the following binary decision variables are introduced: 
{1, if RBS is serving user0, otherwisej ixij =   (7) 
which indicates whether UE i is served by RBS j, and 
1, if 0
1
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which indicates whether a RBS is active and serves some UEs or inactive and serves no UE. 
The objective function presented in (3) aims at the optimization of the energy efficiency of the network, by 
minimizing the sum of the fixed (left part) and variable (right part) energy costs, inflicted by the activity of 
certain BSs and the corresponding power transmissions. Constraints (4) impose that the transmissions in the 
downlink of each RBS j are power limited by the maximum transmission power ( )tPj  of RBS j, while constraints 
(5) impose that each UE must be served by one and only one BS. Constraints (6) represent the demand 
constraints and impose that each UE receive the minimum required SIR. Note that intercell and intracell 
interference at (6) is overestimated as the values are computed assuming full transmission power from the 
interfering cells and the same cell.  RLOS belongs to the class of Capacitated Facility Location Problems, 
bounded by Single Sourcing constraint (CFLP-SS) [13]. In the following section we introduce a heuristic 
algorithm to tackle this problem. 
3. RBS selection algorithm for RLOS problem 
The considered environment is a macrocellular one and as such the fixed power cost at the left part of the 
optimization function in (3) clearly dominates the total power cost. In addition to that, we assume that all RBSs 
are similarly configured to transmit at the same maximum power. Thus, determining the optimal subset of 
RBSs for minimum power consumption is equivalent to determing the minimum number of RBSs to serve all 
UEs. This intuitively requires that every RBS in the optimal subset should serve as many UEs as possible. In 
the following, we will describe a heuristic algorithm that greedily assigns UEs to BSs, based on the 
aforementioned idea. The algorithm iteratively attempts to assign as many UEs as possible to a selected RBS, 
it then excludes this BS and the assigned UEs from further consideration and continues with the remaining 
UEs and BSs until all UEs have been assigned to some BS. The flowchart of the procedure is given in Figure 
1. 
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Initially we generate a random snapshot of uniformly distributed UEs within the coverage area and 
determine their service requirements. Our algorithm computes a 2-dimensional matrix, for the downlink 
transmission of RBS j to UE i, for each j=1,…,J and i=1,…,I which contains the least required transmission 
power ( )t
jiP  for the transmission between RBS j and UE i. The computation takes into account intracell 
interference, intercell interference from the first layer of adjacent BSs, thermal noise and SIR threshold 
required by the service under consideration. For each remaining BS j and UE i, we sort ( )t
jiP  in ascending 
order and calculate the maximum number of UEs, max,NUE j , that can be served by the available transmission 
power of ( )tjP  of RBS j. We select RBS k such that { }max max, ,N =max NUE k UE jj . If more than one BS can serve 
the same maximum number of UEs max
,NUE j (i.e. 1BSS >  in the flowchart of Figure 1), then we select the one 
which needs to transmit the less power to serve the corresponding max,NUE k  UEs. Once BS k is determined, we 
consider BS k as active and associate the corresponding UEs to this BS. We exclude this BS and its associated 
UEs from further consideration. The same procedure is repeated until no more UEs are left. If at the end there 
are UEs not associated to some RBS but there are no RBS left, the procedure ends without finding a feasible 
solution. 
 
Our algorithm is basically consisting of three basic steps. At the first step we calculate the least required 
transmission power ( )tjiP  for the transmission between BS j and UE i, j=1,…,J and i=1,…,I, which takes 
( )O J I⋅  time. At the second step, we sort J columns with I elements which needs 2( log )O J I I⋅ ⋅  time. In the 
third step, we perform J I⋅  checks to determine the max number of UEs for every BS, thus the time for the 
third step is again ( )O J I⋅ . All three steps are executed for J times at most, and the overall complexity time of 
our algorithm is 2
2( log )O J I I⋅ ⋅ . 
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Figure 1. RBS Selection algorithm flow. 
4. RBS activation algorithms for certain load  
Until now we provided a heuristic algorithm to determine a minimum number of RBSs and the actual RBSs 
to serve a certain snapshot of I randomly and uniformly distributed UEs over the service area, each one 
requesting a WCDMA service. However, our ultimate goal is to select the optimal subset of RBSs that can 
serve any random snapshot of the same I number of UEs with an acceptable level of outage probability. Our 
approach is to solve a very large number of static offline RLOS problem instances and deduce the most 
appropriate subset that manages to serve any random instance of the same traffic load level with an acceptable 
outage probability. We propose two heuristic variations for this problem. 
4.1. Activation Probability Heuristic (APBH) 
Step 1: For a certain traffic load, in other words for a certain number I of UEs each one requesting the same 
WCDMA service we generate a high number of L random placement snapshots of I UEs. For each random 
snapshot, we formulate and solve the corresponding RLOS problem. Let ( )onjp  be the probability that a RBS j 
is active, ( )onmeanN  be the average number of active RBS, after solving the aforementioned L RLOS problems 
and ( )onminN  the minimum number of necessary active RBS that has occurred for some RLOS instance. 
Step 2: We sort the list of RBSs in descending order of their activation probability ( )on
jp  and start to activate 
RBSs from the top of the list downwards until ( ) ( )on onminN N=  RBSs are set as active. Let 
( )on
BSS  be the set of 
the active RBSs. 
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Step 3: We ignore the rest ( )onJ N−  RBSs and formulate and solve again a very high number L of slightly 
modified RLOS problems: in each RLOS problem (a) the set of available RBSs is ( )onBSS , and (b) we allow that 
some UEs may not receive service, in other words there is a chance that some UEs will not be assigned at all at 
any RBS and will be blocked. We denote by ( )Loutp  the outage probability after solving the L modified RLOS 
problems. 
Step 3.1: If ( )Lout outp p> then we set ( ) ( ) 1on onN N← + , we update 
( )on
BSS  by adding the next RBS from the 
list of the ordered RBSs and go to the start of Step 3, 
Step 3.2: Else the set of active RBS to serve the requested load of I UEs is ( )onBSS  and the outage probability is
( )L
outp . End of the procedure. 
4.2. Activation Probability and Minimum Coverage Overlap Heuristic(APMCOH) 
This heuristic is similar to APBH, with one difference in the way the RBS are set to the ON state when the 
sorted list is examined in Step 2 and Step 3.1. When searching for the ( )onN  RBSs, the list of RBS that are 
sorted according to their activation probabilities may be traversed more than once because the RBS are 
selected only if a coverage criterion is not violated as explained in the following: In the first examination of the 
list we only activate RBS that have zero coverage or else are at least 3 RBS away from the already activated 
RBSs. In the second examination of the list we only activate RBS that are at least 2 RBS away from the 
already activated RBSs and so on. At the end we may have left only with RBSs whose neighbors are all 
activated and thus the only resolving criterion is the activation probability. 
5. Simulation results 
5.1. Simulation setup 
The performance evaluation of the proposed algorithms was made with the help of a system-level 
simulation tool developed in MATLAB. Different traffic load conditions were examined, by differentiating the 
number and the positions of the UEs per scenario run. The RBS selection scheme for the RLOS problem 
together with the two RBS activation schemes APBH and APMCOH were implemented and compared against 
an exhaustive search procedure that provided the best results. Our approach was to first solve a large number 
of RLOS problem instances for a variety of traffic loads and consequently estimate a good starting point for 
the RBS activation schemes for the corresponding same load to provide the requested service within 
acceptable outage boundaries. To minimize the induced uncertainty, all results have been computed by 
averaging the results from 2000 runs per scenario load examined. 
 
Within a 5 x 5km grid area there exist J=25 fixed locations of identical macro cellular RBSs using 
omnidirectional antennas.  Furthermore, I UEs are randomly and uniformly distributed within this coverage 
grid region. We focus on downlink communication with voice as primary service provided and each UE 
requests the same minimum threshold bitrate. The average energy consumption of each RBS is considered as 
865W, which incorporates both fixed power cost ( )fPj  and variable power cost 
( )tPji
[15]. Table 1 summarizes 
the values of the main parameters of the simulation model. 
Table 1. System model simulation parameters. 
Parameter name Value used 
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Frequency 1800Mhz 
Bandwidth 5Mhz 
Service Voice, 12.2Kpbs 
RBS max transmit power 20W (43dBm) 
UE antenna sensitivity -106dBm 
RBS height 15m 
UE height 1.5m 
Outage probability 5% 
Thermal noise -107dBm 
Processing Gain 25dB 
Eb/No 5dB 
Orthogonality factor 0.5 
Building coverage density 20% 
Type of Macro RBS omnidirectional 
Number of users 50-1100 (4%-88% load) 
Simulation iterations 2000 per system load step 
Average RBS consumption 865W/h [15] 
Path loss model CCIR [16] 
 
We assume worst case scenario of interference, where intra and inter cell interference are present and 
impact the SIR at the mobile users of the system given by Equation (1). The grid area of our study is assumed 
to be covered by buildings with area building density 20% and path loss is calculated according to the CCIR 
path loss model [16]. WCDMA access technology is used, with 5 MHz bandwidth and simultaneous call 
acceptance of approximately fifty calls per cell [17], thus cell capacity is fifty UEs and total system capacity is 
1250 UE (100% system load). 
5.2. Performance evaluation results 
We create random snapshots for varying traffic levels from 4% up to 88% of system load by uniformly 
distributing a corresponding number of UEs inside the grid area. For each traffic load we create L=2000 
random placements of UEs and formulate and solve the corresponding RLOS problems to get the values for 
( )on
minN  and 
( )on
meanN  which are shown in Table 2. The first value gives the minimum number of necessary RBSs 
to serve the corresponding traffic load that was the outcome of the RBS selection algorithm for some UE 
random placement, while the second value gives the average number of necessary RBSs to serve that traffic 
load.  
 
Additionally, for each traffic load we also calculate ( )onjp , that is the probability that a RBS j is active. For 
example, the ( )onjp  activation probabilities are shown in Figure 2 next to each RBS for a 4% load. These 
values are used as input to the RBS activation schemes APBH and APMCOH which are used next to compute 
the necessary RBS subset to serve each traffic load with an acceptable outage probability of pout = 5%. 
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The results when applying APBH, APMCOH and exhaustive search for 4% traffic load are given in Figure 
3. As we can see APBH yields 18 RBSs necessary to serve any uniformly random placement of 50 UEs with 
outage probability 5%, while APMCOH yields only 13 RBSs to serve the same traffic load with the same 
outage probability. Compared to the traditional operating strategies that activate all available RBSs, the two 
proposed heuristic activation schemes APBH and APMCOH provide a significant reduction of 28% and 48% 
respectively at the number of necessary RBSs which are translated to a significant energy reduction. An 
additional reduction is possible if we look at the results of the exhaustive search procedure where the traffic 
load of 50 UEs can be served with 5% outage probability by at most 11 RBSs. 
 
 
 
Figure 2. RBS activation probability for 4% system load. 
 
 
Figure 3. RBS activation scheme results for 4% system load and with (a) APBH, (b) APMCOH and (c) exhaustive search application. 
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Table 2. RLOS results for ( )onminN  and 
( )on
meanN  after 2000 simulation iterations. 
Number of UEs System Load (%) ( )onminN  
( )on
meanN  
50 4 10 14.15 
100 8 13 19.10 
150 12 16 21.90 
200 16 20 23.49 
250 - 300 20 – 24 21 24.30 
350 28 22 24.86 
400 - 450 32 – 36 20 24.96 
500 40 21 24.98 
550 44 22 24.98 
600 48 21 24.98 
650 – 800 52 - 64 22 24.98 
850 - 1050 68 - 84 23 24.99 
1100 88 24 24.99 
1150 – 1250 92 - 100 25 25.00 
    
  
The results when applying APBH, APMCOH and exhaustive search for increasing traffic loads and 
maximum allowable outage probability 5% are given Figure 4. This corresponds to a 56% reduction in the 
power consumption compared to the fully operational topology of 25 RBSs. The results reveal that the number 
of active RBSs necessary to serve the corresponding traffic load is significantly lower than the full operational 
topology of 25 RBSs at low loads, but the benefit is becoming lower as the offered traffic load increases. 
 
APBH activation scheme, although works well at low to medium load compared to the fully operational 
topology, its results are far away from the results of the other two methods, especially at very low loads. On 
the other hand, our APMCOH RBS activation scheme that takes into account not only RBS activation 
probabilities but also the coverage area overlap of active RBSs, manages to yield results which are very close 
to the exhaustive method at all traffic loads. Both schemes manage this better behavior within the acceptable 
outage probability limits as shown in Figure 5, where we can see for increasing traffic loads the actual outage 
probability when the corresponding subset of RBSs of Figure 4 is active.  
 
 
Figure 4. RBS activation results for increasing traffic loads and 5%outp ≤ . 
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Finally, in Figure 6 we translate the benefit from using fewer RBS for operating the system at different 
traffic loads to energy savings. As it is shown, the energy consumption is clearly lower and energy savings can 
reach up to 12KWatts/h. Energy consumption gains by activating fewer RBSs are significant higher on low 
traffic load demands and are fading, but still present, even when system operates close to its practical 
maximum actual load. 
 
6. Conclusions 
In this paper, we proposed energy efficient techniques which can be applied in current mobile network 
deployments. We formulated the optimization problem as a CFLP problem with single sourcing constraint and 
provide a heuristic to estimate the optimum subset of RBSs, which can serve a certain snapshot of traffic 
requests. By solving a large number of such problem instances we estimated the required number of RBS and 
acquire RBS activation probabilities for the RBSs of the examined topology to serve certain load level. Next 
we proposed RBS activation schemes, according to RBS percentage activation and minimum RBS coverage 
 
Figure 5. Outage probability levels per system load for different algorithm approaches. 
 
Figure 6. System model average energy consumption per traffic load for traditional and proposed approaches. 
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area overlap. We applied our algorithms on a grid network deployment with various traffic loads and showed 
that our proposals can greatly benefit current network operational policies with respect to energy efficiency, 
especially on low traffic scenario demands. 
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